Abstract: PURPOSE: The development of cancer cachexia is the most common manifestation of advanced malignant disease. METHOD: The effects on muscle regeneration of β2-adrenoceptor agonist formoterol (0.3 mg/kg) were tested in cachectic tumour-bearing rats (Yoshida AH-130 ascites hepatoma). RESULTS: Administration of formoterol results in a significant increase in the mass and protein content of tibialis muscle in tumour-bearing-rats. This increase is associated with a decreased myogenin mRNA content together with an increased Pax-7 gene expression. Bupivacaine treatment by local injection results in an important reduction in tibialis weight together with significant increases in Pax-7, myogenin and MyoD gene expression. Formoterol treatment in bupivacaine-treated rats results in significant increases in Pax-7 together with significant decreases in myogenin mRNA content, suggesting that this β2-agonist is favouring muscle regeneration by stimulating the proliferation of satellite cells. Altogether, the data reinforce the potential role of formoterol in the treatment of muscle wasting diseases.
Introduction:
The development of cancer cachexia is the most common manifestation of advanced malignant disease. Cachexia occurs in the majority of cancer patients before death, and it is responsible for the death of 22% of cancer patients 1 . The abnormalities associated with cancer cachexia include anorexia, weight loss, muscle loss and atrophy, anaemia and alterations in carbohydrate, lipid and protein metabolism 2 . The degree of cachexia is inversely correlated with the survival time of the patient and it always implies a poor prognosis [3] [4] [5] . Asthenia is one of the most relevant characteristics of cachexia, which reflects the important muscle wasting that takes place in the cachectic cancer patient 6 . Lean body mass depletion is one of the main trends of cachexia and it involves not only skeletal muscle but it also affects cardiac proteins, resulting in important alterations in heart performance. In addition to the increased muscle protein degradation found during cancer growth, the presence of the tumour also induces an increased rate of DNA fragmentation in skeletal muscle in both rats and mice 7 .
β2-adrenergic agonists are potent muscle growth promoters in many animal species 8, 9 , resulting in skeletal muscle hypertrophy [10] [11] [12] [13] , while they cause a reduction of the body fat content 14, 15 . These compositional alterations are associated with a redistribution of energy substrates, which are mobilized from storage sites for utilization by tissues such as muscle and brown adipose tissue 14 . The intimate mechanisms by which these compounds exert such effects at the cellular level are still uncertain 9, 14, 15 , although changes in protein turnover are clearly involved 16 . The large number of physiological functions controlled by β-adrenergic receptors suggests that the mechanism(s) for the observed changes in carcass composition may be extremely complex. Any proposed mechanism must begin with the possibility of direct effects of the agonist on skeletal muscle and adipocyte β-adrenergic receptors. Formoterol is one of these compounds with important anti-cachectic effects in animal models. The model of action of this drug is based on its ability to prevent muscle wasting by inhibiting proteolysis in skeletal muscle. Thus, this β2-agonist is able to decrease the activation of the ubiquitin-dependent proteolytic system, the main mechanism activated in muscle wasting conditions 17 . Interestingly, in addition to its anti-proteolytic effects, formoterol also decreases muscle apoptosis in muscle-wasting animals 17 . Formoterol is a highly potent, β 2 -adrenoceptor-selective agonist combining the clinical advantages of rapid onset of action with duration of action. This compound is already in use in humans for the treatment of bronchospasm associated with asthma. In vitro, formoterol is a potent airway smooth muscle relaxant with high efficacy, and very high affinity and selectivity for the β 2 -adrenoceptor 18 .
Moreover, formoterol relaxes bronchial smooth muscle and also provides important clinical benefits in symptomatic patients with chronic obstructive pulmonary disease (COPD) 19 .
After an injury within the muscle, there is an effective restoration of its structure and function 20 . This is possible due to existence of a population of mononuclear acquired myogenic precursors, known as satellite cells 21 . These cells in adult muscle are in quiescent phase 22 . With the appropriate environmental signals, there is an activation of them and they become precursors for the formation of new muscles during growth or to repair muscle after an injury 23 . Morphological analysis revealed that during the process of muscle damage an interstitial edema formed by neutrophils is generated. These cells release tropic factors, which activate the satellite cells. This process is accompanied by an inflammatory response 24 . Once activated, these cells 25 re-enter the cell cycle where they proliferate becoming myoblasts.
Following this phase, there is a period of differentiation and the resulting myotubes form a layer of small centronuclear myotubes 24 . The entire process ends 2 weeks after the damage generated, thus obtaining the restoration of cell architecture 26 .
β2-adrenergic agonists increase the ability of skeletal muscle repair after injury 25, [27] [28] [29] [30] [31] .
Thus, several studies support the fact that β2-adrenergic agonists improve muscle status following bupivacaine injury 32 . Bearing all this in mind, the aim of the present investigation has been to investigate if formoterol, in addition to its antiapoptotic properties, could also be involved in satellite cell proliferation and muscle cell regeneration. In order to accomplish these objectives, we used two different experimental approaches: muscle-wasting tumourbearing animals and bupivacaine-treated animals. Bupivacaine generates muscle damage and induces muscle regeneration 33 .
Results and Discussion:
2.1. Effect of formoterol on the muscle regeneration in tumour-bearing rats
As a result of tumour growth, tibialis muscle weight is significantly decreased ( Table 1) . As can be seen in the same table, formoterol treatment increased the tibialis weight in tumourbearing rats (10%). This increase was associated with an increase in protein content (40%). Previous studies from our laboratory have shown that the increase in muscle mass promoted by formoterol is based on: a) activation of protein synthesis, b) inhibition of enhanced protein degradation, and c) inhibition of muscle apoptosis 17 .
Different molecules involved in the process of muscle regeneration and in the regulation of satellite cells, such as Pax7, MyoD and myogenin 21 , are known. In adult skeletal muscle, Pax7 is expressed in the majority of quiescent satellite cells. These cells, when activated, coexpress Pax7 and MyoD 28, 34, 35 . When they proliferate, the levels of Pax7 decrease and other molecules involved in differentiation (such as myogenin) increase their expression. There is a part of the proliferating population that maintains the levels of Pax7, but not of MyoD, which returns to their state of quiescence [34] [35] [36] . Thus, as shown in Table 1 tumour burden actually decreases Pax-7, MyoD and myogenin mRNA expression. In these animals there is a decrease in cyclin D (associated with proliferation) and also of calcineurin (marker of differentiation) protein expression. These results suggest that the mechanisms of regeneration in tumourbearing animals could be blocked. Interestingly, treatment with formoterol in tumour-bearing animals significantly increases Pax-7 (139%), therefore suggesting a stimulation of myoblast proliferation, and it significantly decreases myogenin (35%), these results suggesting that the β2-agonist is potentiating muscle regeneration by activation of the satellite cell population. When protein markers are considered (Table 1) , formoterol treatment to control rats clearly promotes a differentiation pattern with significant decreases in cyclin D (35%) and MyoD (44%), whereas the β2-agonist induces a significant increase in calcineurin (39%). During the regeneration process, calcineurin activity can promote transcription factors such as myogenin, thus controlling the satellite cell differentiation and maturation of myotubes 37 .
In tumour-bearing rats, similar tendencies in the content of these proteins were observed, although the differences did not reach statistical differences for all the markers. These results suggest that formoterol may activate regenerative mechanisms that are blocked in animals bearing the tumour. Therefore we decide to study whether the effects of formoterol were direct on muscle cells. Bearing this in mind, we performed C2C12 myoblast cell cultures, the results being depicted in Figure 1A .
The results obtained confirmed the in vivo observation since formoterol at 0,1µM concentration increased Pax-7 gene expression by 3-fold and decreased myogenin mRNA content by 59%, with no changes in MyoD mRNA content and protein content. Interestingly, the decrease of myogenin is associated with a decrease of calcineurin protein content, therefore suggesting a decreased differentiation and an increased proliferation. These in vitro results were confirmed by protein content measurements ( Figure 1B ) and direct measurement of the rate of cell proliferation using tritiated thymidine ( Figure 1C ). It can be seen how formoterol stimulated proliferation in vitro, this coinciding with previous results obtained using β 2 -agonists 38 .
Studies by Roberts and McGeachie in a model of muscle regeneration, suggest that β2-agonist can have an effect on muscle regeneration by affecting the proliferation of satellite cells 27, 29 . The results presented here clearly show that, in addition to the commented effects of formoterol on muscle metabolism, the β2-agonist also increases muscle regeneration, participating in the stimulation of muscle satellite cell proliferation when this is inhibited (tumour burden). Values that are significantly different by the Student's t-test from the control group are indicated by * p < 0.05, ** p < 0.01, *** p < 0.001. 
Molecular characterization of a model of muscle regeneration
Bearing the results obtained in formoterol-treated tumour-bearing animals in mind, we decided to examine if formoterol would also stimulate muscle regeneration in other very well ISSN 1664-171X characterized muscle damage situations, not involving a pathological state such as cancer, to see if formoterol was also able to influence muscle regeneration. We then investigated the effects of a local bupivacaine injection on muscle growth and differentiation. The anaesthetic bupivacaine is a potent and specific myotoxic agent 33, 39 . Local injection of the drug into small skeletal muscles of rat or mouse precipitates an immediate and massive myonecrosis 40 followed by phagocytosis of necrotic debris 41 and a rapid and apparently complete regeneration of muscle fibres 3-4 weeks after injection 39, 42 .
As can be seen in Table 2 , seven days of the single bupivacaine injection, there was a significant decrease both in weight and protein content of tibialis muscle (13% and 15% respectively). 14 days after the induction of muscle damage, the weight of the tibialis muscle recovered and reached values similar to those found in the control group. Recovery is possible because the bupivacaine does not affect elements that are involved in the mechanisms of muscle regeneration, such as basal lamina, vascular supply, nerves and intravenous population of satellite cells 33 . These changes, seven days after the single bupivacaine injection, are associated with significant increases in Pax7, MyoD and myogenin mRNA content (80%, 146% and 57% respectively), suggesting an increased rate of myoblast proliferation and differentiation. At day 14 after the bupivacaine injection, the increase in Pax-7 still persists (45%), while the increase in myogenin is much more pronounced (197%) suggesting enhanced differentiation (Table 2) . Similar results are observed when protein markers are considered: at day 7 there are increases in MyoD (33%), cyclin D (52%) and calcineurin (78%), whereas at day 14 there is a significant decrease in cyclin D protein content (53%) while the increase in calcineurin still persists (20%) suggesting that at this time period there is an increased differentiation and a decreased proliferation (Table 2) . From this point of view, the lack of changes in MyoD mRNA suggests a decreased proliferation. These results are consistent with those described by other authors since the chronology of events that occur after treatment with bupivacaine is well known 33, 42 .
Effects of formoterol in a model of muscle regeneration in tumour-bearing rats
Taking the changes promoted by bupivacaine induced muscle damage, we decided to investigate if formoterol could be beneficial in restoring muscle damage similar as what happens in a pathological state such cancer. Indeed, as can be seen in Table 3 , formoteroltreated rats at day 14 of bupivacaine injection, clearly have an increase of tibialis weight both in control and tumour-bearing animals (15% and 20% respectively). In fact, this increase in tibialis weight in the tumour-bearing group was also associated with increases in both protein and DNA content (26% and 81% respectively). Pax-7 mRNA content was also significantly increased by formoterol treatment both in control (140%) and tumour-bearing rats (30%) in bupivacaine-treated group, while no changes were observed in MyoD gene expression as a result of the β2-agonist treatment. Conversely, myogenin mRNA content was significantly decreased by formoterol both in control (25%), and tumour-bearing (40%) animals bupivacain-treated (Table 3) . ISSN 
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These changes suggest that formoterol treatment influences muscle regeneration. The increase in calcineurin protein content together with the decrease in cyclin D reinforce this idea and suggest the maintenance of the proliferation of satellite cells. 
Experimental Section

Animals
Male Wistar rats (Interfauna, Barcelona, Spain) of 5 weeks of age were used in the different experiments. The animals were maintained at 22 ± 2 °C with a regular light-dark cycle (light on from 08:00 a.m. to 08:00 p.m.) and had free access to food and water. The food intake was measured daily. All animal manipulations were made in accordance with the European Community guidelines for the use of laboratory animals.
Tumour inoculation and formoterol treatment
Rats were divided into two groups, namely controls and tumour hosts. The latter received an intraperitoneal inoculum of 10 8 AH-130 Yoshida ascites hepatoma cells obtained from exponential tumours 43 . Both groups were further divided into treated and untreated, the former being administered a daily subcutaneous (s.c.) dose of formoterol (0.3 mg/kg body weight (bw), dissolved in physiological solution), and the latter the corresponding volume of solvent. On day 7 after tumour transplantation, the animals were weighed and anaesthetized with an i.p. injection of ketamine/xylazine mixture (3:1) (Imalgene  and Rompun  respectively). The tumour was harvested from the peritoneal cavity and its volume and cellularity evaluated. Tissues were rapidly excised, weighed, and frozen in liquid nitrogen.
Bupivacaine treatment
Rats were divided into two groups, namely controls and bupivacaine-treated animals. Bupivacaine group were administered to the tibialis muscle with an acute and local dose of bupivacaine (100 µL of 0,5% bupivacaine hydrochloride (Sigma) dissolved in 0,9% NaCl solution) 44 and control group with the corresponding volume of solvent. One group of rats was sacrificed at 7 days after administration of bupivacaine, and other group was sacrificed after 14 days. On days 7 and 14 after bupivacaine treatment the animals were weighed and anaesthetized with an i.p. injection of ketamine/xylazine mixture (3:1) (Imalgene  and Rompun  respectively). Tissues were rapidly excised, weighed, and frozen in liquid nitrogen.
Tumour-bearing animals treated with bupivacaine and formoterol
Rats were divided into two groups, namely controls and tumour hosts. Both groups were further divided into treated and untreated, the former being administered to the tibialis muscle with an acute and local dose of bupivacaine (100 µL of 0,5% bupivacaine hydrochloride (Sigma) dissolved in 0,9% NaCl solution) 44 AH-130 Yoshida ascites hepatoma cells obtained from exponential tumours. The different groups (controls and tumour hosts) were further divided into treated (7 days after the administration of bupivacaine) and untreated, the former being administered a daily subcutaneous (s.c.) dose of formoterol (0.3 mg/kg body weight (bw), dissolved in physiological solution) and the latter a corresponding volume of solvent. On day 7 after tumour transplantation all the animals were sacrificed. All the animals were weighed and anaesthetized with an i.p. injection of ketamine/xylazine mixture (3:1) (Imalgene  and Rompun  respectively) for the sacrificed. Tissues were rapidly excised, weighed, and frozen in liquid nitrogen.
Cell cultures
C2C12 mouse skeletal muscle cells were obtained from the American Type Culture Collection (ATCC ® Number: CRL-1772™). Cells were passaged in high-glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 µg/mL streptomycin, 25 ng/mL fungizone, 110 µg/mL sodium pyruvate, and 2 mM L-glutamine, in a humidified atmosphere of 5% CO 2 and 95% air at 37 °C. For experimental analysis, cells were seeded at 3.7×10 4 cells/cm 2 in 10% FBS/DMEM until they reached 90-100% confluence 24 hours later. At this time, the medium was replaced by DMEM containing 10% horse serum for induction of differentiation for genetically modified cells. Abundant myotube formation, monitored microscopically, occurred after 4 days in 10% horse serum (HS)/DMEM. Such fused myotube cultures were treated with 0.1 µM of formoterol during 3 days.
Proliferation assay
C2C12 cells were seeded in multiwells plates and cultured for 24 hours for cell attachment. Then, the cells were serum-starved for 24 hours more and treated with 0.1 µM of formoterol or vehicle solution depending on the experimental group. After 24 hours of treatment, 1 µCi of methyl-[ 3 H]thymidine (Amersham, Spain) was added to each well, and cells were incubated for 24 hours more for thymidine incorporation into DNA 45, 46 . To measure the cell proliferation rate, cells were washed twice with PBS, and DNA was precipitated using trichloroacetic acid. Finally, cells were homogenized and the total amount of lysate was dissolved in 4 mL of liquid-scintillation fluid for total radioactivity estimation in a liquid scintillation counter.
DNA content assay
DNA content quantification in muscle was performed by Hoeschst staining. Tissue were homogenised with the following buffer: 1N NH 4 OH, 0.2% Triton X-100, 1 mL/mL of protease inhibitors cocktail (Sigma, Spain). The homogenate was incubated during 30 minutes at room temperature with the Hoechst dye (0.1 mg/mL Hoechst NERs 10X (2 M NaCl, 6 mM ISSN 1664-171X Tris, 1 mM EDTA). Finally, DNA content was quantified with the fluorimeter Shimadzu RF 5001 PC.
RNA isolation
Total RNA from C2C12 cells was extracted by TriPureTM kit (Roche, Barcelona, Spain), a commercial modification of the acid guanidinium isothiocyanate/phenol/chloroform method 47 .
Real-time PCR (polymerase chain reaction)
First-strand cDNA was synthesized from total RNA with oligo dT15 primers and random primers pdN6 by using a cDNA synthesis kit (Transcriptor Reverse Transcriptase, Roche, Barcelona, Spain all mRNA was calculated using comparative C T method. 18S mRNA was used as the invariant control for all studies.
Western Blot
Cell culture were homogenized in 10 mmol/L HEPES (pH 7.5), 10 mmol/L MgCl 2 , 5 mmol/L KCl, 0.1 mmol/L EDTA, 0.1% Triton X-100, 1 mmol/L DTT, and 5 µL/mL of buffer of a protease inhibitor cocktail (Sigma, Spain). Cell homogenates were then centrifuged at 7,000 rpm for 5 min at 4°C, and the supernatants were collected. Protein concentrations were determined according to the method of bicinchoninic acid (Pierce, Spain). Equal amounts of protein (50 or 100 µg) were heat denatured in sample loading buffer [50 mmol/L Tris-HCl (pH 6.8), 100 mmol/L DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol], resolved by SDS-PAGE (10% polyacrylamide, 0.1% SDS), and transferred to Immobilon membranes (Immobilon polyvinylidene difluoride, Millipore). The filters were blocked with 5% PBSnonfat dry milk and then incubated with polyclonal antibodies: anti-cyclin D1 (Santa Cruz Biotecnology), anti-Calcineurin (Sigma, Spain), and anti-MyoD (Santa Cruz Biotecnology) Polyclonal antibody anti-GAPDH (Sigma, Spain) was used as the invariant control for the different studies. Donkey anti-mouse peroxidase-conjugated IgG (Jackson ImmunoResearch, Laboratories, Inc.), rabbit anti-goat peroxidase-conjugated IgG (Acris Antibodies GmbH), and goat anti-rabbit horseradish peroxidase conjugate (Bio-Rad) were used as secondary ISSN 1664-171X antibodies. The membrane-bound immune complexes were detected by an enhanced chemioluminescence system (EZ-ECL, Amersham Biosciences). 
Biochemicals
Statistical analysis
Statistical analysis of the data was performed by means of the Student's t test.
Conclusions
The results presented here show that the regeneration mechanisms in tumour-bearing animals, and also in bupivacaine-treated animals (where the process of regeneration is induced) are blocked. Increased DNA observed in the groups treated with formoterol in conjunction with the results of the analysis of molecular markers involved in regeneration, suggest that formoterol is capable of activating the regeneration mechanisms which are blocked in cancer cachexia. This is probably due to the fact that formoterol is able to block the action of TNF-α in skeletal muscle (a cytokine which has high plasma levels in animals carrying different types of cachexia-inducing tumours) (muscle mRNA content for TNF-α (% of control): control group: 100 ± 23 (4), formoterol-treated group: 97 ± 3 (4); tumourbearing group: 185 ± 15 (4) p<0.05 vs control group ; formoterol-treated tumour-bearing group: 115 ± 9 (4) † † p<0.01 vs tumour). Results obtained by other authors suggest that TNF blocks acquired myogenic differentiation in vitro [48] [49] [50] and in vivo 48 and it is not necessary for muscle regeneration 51, 52 .
Altogether, the data presented here point towards a new role for formoterol at the skeletal muscle level. While previous studies have clearly shown the benefit of the β2-agonist in muscle wasting conditions such as cancer cachexia 17 and muscle atrophy 53 by decreasing protein degradation, the present contribution puts forward the idea that formoterol facilitates muscle regeneration. This observation, together with the antiapoptotic properties of the β2-agonist 17 , suggest that the molecule may be an excellent drug for the treatment of muscle wasting, alone or in combination with other anabolic drugs. 
